Recently, we described a 160 kDa protein (designated AS160, for Akt substrate of 160 kDa) with a predicted Rab GAP (GTPaseactivating protein) domain that is phosphorylated on multiple sites by the protein kinase Akt. Phosphorylation of AS160 in adipocytes is required for insulin-stimulated translocation of the glucose transporter GLUT4 to the plasma membrane. The aim of the present study was to determine whether AS160 is in fact a GAP for Rabs, and, if so, what its specificity is. We first identified a group of 16 Rabs in a preparation of intracellular vesicles containing GLUT4 by MS. We then prepared the recombinant GAP domain of AS160 and examined its activity against many of these Rabs, as well as several others. The GAP domain was active against Rabs 2A, 8A, 10 and 14. There was no significant activity against 14 other Rabs. GAP activity was further validated by the finding that the recombinant GAP domain with the predicted catalytic arginine residue replaced by lysine was inactive. Finally, it was found by immunoblotting that Rabs 2A, 8A and 14 are present in GLUT4 vesicles. These results indicate that AS160 is a Rab GAP, and suggest novel Rabs that may participate in GLUT4 translocation.
INTRODUCTION
Insulin treatment of fat and muscle cells causes a rapid increase in glucose transport. This increase is due to a rise in glucose transporters of the GLUT4 type at the cell surface. This elevation occurs as the result of insulin-stimulated movement of intracellular vesicles containing GLUT4 to the plasma membrane and fusion therewith, a process known as GLUT4 translocation (reviewed in [1] ). There is considerable evidence that a signalling pathway necessary for GLUT4 translocation is the one that proceeds from the insulin receptor to the activation of the protein kinase Akt [1] [2] [3] [4] . However, there is less information about the connection between Akt activation and GLUT4 translocation. Recently, we described a 160 kDa Akt substrate protein that has the properties expected to mediate this connection [5, 6] . This protein, which has been designated AS160 (Akt substrate of 160 kDa), has a predicted GAP (GTPase-activating protein) domain towards members of the Rab protein family.
Rabs are small G-proteins that in their GTP-bound form participate in vesicle movement and fusion (reviewed in [7] ). The GAP for a Rab stimulates the typically low intrinsic GTPase activity of the Rab to generate the inactive GDP-bound form of the Rab. Our finding that AS160 is phosphorylated by insulinactivated Akt has led to the following hypothesis: phosphorylation of AS160 inhibits its GAP activity; consequently, the GTP form of a Rab(s) required for GLUT4 translocation is elevated, and thus translocation is triggered [6] . In agreement with this proposal, insulin-stimulated GLUT4 translocation in adipocytes was blocked by expression of a mutant of AS160 lacking Akt phosphorylation sites [6, 8] . Presumably, this nonphosphorylatable mutant of AS160 continued to function as a GAP in the presence of insulin. This blockage required a functional GAP domain. The non-phosphorylatable mutant was not effective when the catalytic arginine residue in the GAP domain was mutated to lysine.
Although the studies summarized above are consistent with AS160 being a Rab GAP, to date there has been no demonstration that AS160 has this activity. In the present study we show that the recombinant GAP domain of AS160 is functional towards a small number of Rabs, and that these Rabs are present in vesicles containing GLUT4.
EXPERIMENTAL Plasmids
The following plasmids were generously provided by the following individuals: pGEX-Rab1A (human), William Balch (Department of Molecular and Cell Biology, Scripps Research Institute, La Jolla, CA, U.S.A.); pGEX-Rab4A, -5A and -6 (all human), Guangpu Li (Department of Biochemistry and Molecular Biology, University of Oklahoma Health Sciences Center, Oklahoma City, OK, U.S.A.); pGEX-Rab7 (dog), Angela Wandinger-Ness (Department of Pathology, University of New Mexico Health Sciences Center, Albuquerque, NM, U.S.A.); pGEX-Rab11A (dog), Marino Zerial (Max-Planck Institute for Molecular Cell Biology and Genetics, Dresden, Germany); pQERab11B (mouse), James Goldenring (Department of Surgery, Vanderbilt University School of Medicine, Nashville, TN, U.S.A.); pGEX-Rab21 (human), Jack Fransen (Department of Cell Biology, University of Nijmegen, Nijmegen, Netherlands). The pGEX plasmids for Rabs 3A (mouse), 4B (human), 8A (dog), 10 (human), 14 (mouse), 18 (human), 27A (mouse), 27B (mouse), and 35 (human) were prepared by PCR amplification of the Rab coding sequences with templates from several sources, followed by ligation into the pGEX vector. The plasmids encoding N-terminal FLAG-tagged AS160 and the AS160 R973K mutant are as described previously [6] . The pGEX plasmids for the GAP domain of AS160 and the R973K mutant GAP were generated by PCR amplification of the DNA encoding GAP domain and ligation into the vector. These comprised amino acids 865-1299 of human AS160 (GI code 7662198).
Antibodies
Anti-Rab2 antibody was purchased from Santa Cruz Biotechnology (catalogue number sc307). Anti-Rab8 antibody was obtained from BD Transduction Laboratories (catalogue number 610844); this antibody reacts with both Rabs 8A and 8B (J. Peränen, unpublished work). The antibodies against the C-terminus of GLUT4, the C-terminus of AS160 and the cytoplasmic domain of IRAP (insulin-regulated aminopeptidase) are as described previously [6, 9, 10] . An antibody against a peptide corresponding to amino acids 167-183 of mouse Rab14 was generated by immunization of rabbits with the conjugated peptide (Biosource International), followed by affinity purification on the immobilized peptide.
GLUT4 vesicles
The method for isolation of GLUT4 vesicles was as described in [11] , with slight modifications. 3T3-L1 adipocytes in serumfree medium were treated with 160 nM insulin or not for 30 min. The cells, on a 10-cm diameter plate, were washed with PBS and then with buffer A (1 mM EDTA, 225 mM sucrose and 20 mM Hepes, pH 7.4). The cells were then scraped into 1 ml of buffer A with protease inhibitors (10 µM each of leupeptin, pepstatin and EP475) and homogenized at 20
• C. Subsequent steps were carried out at 4
• C. The homogenate was centrifuged at 16 000 g for 15 min, and the supernatant centrifuged again at 48 000 g for 15 min. The supernatant from the second centrifugation, which is a low-density microsome/cytosol fraction, was made up to a concentration of 100 mM in NaCl and then incubated for 2 h with anti-GLUT4 antibody or control rabbit immunoglobulin bound to Pansorbin (Calbiochem) (10 µg of antibody for 4 µl of Pansorbin per ml). The adsorbent was then washed several times with buffer A/100 mM NaCl and the bound vesicles were solubilized with 0.5 % nona(ethylene glycol) dodecyl ether in buffer A/100 mM NaCl. For identification of the Rabs by MS, SDS samples of the solubilized GLUT4 and control vesicles, each from three 10-cm diameter plates of unstimulated adipocytes, were separated on a short gradient gel, and the gel region containing the Rabs (21-38 kDa section) was excised. Gel slices were subjected to in-gel tryptic digestion, and the tryptic peptides were sequenced by microcapillary liquid-chromatography tandem MS, as described in [6] . For immunoblotting, samples of the vesicles were separated by SDS/PAGE, and immunoblotted for specific proteins as described in [5] .
Recombinant proteins
The pGEX-Rab plasmids were introduced into Escherichia coli BL21 cells or, in the case of GST-Rab14, into the E. coli Rosetta BL21 strain (Novagen). Bacterial cultures (200 ml) were grown to a D 600 of approx. 0.5, and then induced with 0.1 mM isopropyl β-D-thiogalactoside for 6 h at 25
• C or overnight at
15
• C. The bacteria were pelleted, resuspended in 10 ml of 2.5 mM MgCl 2 /PBS with protease inhibitors (Roche, catalogue number 11836170), and lysed in a French press. The lysate was centrifuged at 23 000 g for 45 min, and the supernatant was mixed with 300 µl of glutathione beads (Pierce) for 1 h at 4
• C. The beads were washed with 2.5 mM MgCl 2 /PBS, and the GST (glutathione S-transferase)-Rab fusion protein was eluted three times with 300 µl of 10 mM glutathione, 1 mM dithiothreitol, 2.5 mM MgCl 2 and 20 mM Tris/HCl, pH 8.0. The procedure for expression of the GST-GAP domain was similar, except that the bacteria were lysed in PBS, 5 mM mercaptoethanol and 10 % glycerol with protease inhibitors, and the GST-fusion protein was eluted with 20 mM glutathione, 5 mM mercaptoethanol, 150 mM NaCl, 10 % glycerol and 100 mM Tris/HCl, pH 8.5. Rab11B, which was His-tagged, was expressed in the E. coli XL-1 Blue strain and purified on an immobilized nickel column (Qiagen), according to the manufacturer's instructions. Purified recombinant human untagged Rab2A was a gift from Ellen Tisdale (Department of Pharmacology, Wayne State University School of Medicine, Detroit, MI, U.S.A.).
Recombinant FLAG-tagged AS160 and the R973K mutant were generated by transfecting HEK-293F cells with the AS160 plasmids described above. Each 10-cm diameter plate was transfected with 10 µg of plasmid using Lipofectamine 2000 (Invitrogen). After 24 h, the cells were serum starved for 2 h, and treated with 75 µM LY294002 (phosphoinositide 3-kinase inhibitor) for the final 45 min before lysis in order to deactivate any activated Akt [12] . The cells were then lysed in 2 ml of 1.5 % nona(ethylene glycol) dodecyl ether, 150 mM NaCl and 40 mM Hepes, pH 7.4, with protease inhibitors (10 µM each of pepstatin, leupeptin, aprotinin and EP475), the lysate was cleared by centrifugation at 12 000 g for 15 min, and the AS160 was adsorbed on to 10 µl of anti-FLAG beads (Sigma), which were then washed thoroughly with 150 mM NaCl/40 mM Hepes, pH 7.5. This procedure yielded approx. 15 µg of AS160 per 10-cm diameter plate.
In order to estimate the purity and concentration of the recombinant proteins, samples were run on SDS/PAGE along with known amounts of standard proteins and stained with Coomassie Blue. The desired protein was the predominant component in the preparation of each recombinant protein.
Assays for Rab GTP loading and GAP activity
The loading procedure involved the exchange of added [α-
32 P]-GTP with the bound unlabelled GTP and GDP (mainly GDP) on the recombinant GST-Rab, facilitated by complexing Mg 2+ ion with EDTA. Then the bound [α-
32 P]GTP is fixed on the Rab protein by the addition of Mg 2+ ion, and binding is measured by separation of the [α-
32 P]GTP complex on a nitrocellulose filter [13, 14] . The GST-Rab fusion protein (1 µM) was incubated with [α-32 P]GTP (0.1 µM) in 2 mM EDTA, 10 mM glutathione, 1 mM dithiothreitol, 200 µg/ml BSA and 20 mM Tris/HCl, pH 8.0, in a volume of 43.5 µl at 30
• C for 30 min. Then 2.5 µl of 200 mM MgCl 2 was added, and this addition was followed by 4 µl of the buffer for the recombinant GST-GAP domain, so that the conditions for the loading assay were similar to those for the GAP assay (see below). Aliquots (10 µl) of the mixture were filtered through 24 mm nitrocellulose filters (Millipore, HAWP type), and the filters washed with ice-cold 10 mM MgCl 2 , 2 mM EDTA, 50 mM NaCl and 20 mM Tris/HCl, pH 8.0. The percentage of bound GTP was calculated from radioactivity measured on the filter and the input radioactivity. In the case of Rab10, the percentage of bound GTP was relatively low (approx. 15 %). Consequently, for Rab10, after loading the mixture was passed through a small gel-filtration spin column (Pierce, catalogue number 89849) to remove some of the unbound GTP, and then filtered through the nitrocellulose filter. With this modification, 40 % of the [α-
32 P]GTP from the spin column was bound to the Rab10. The GAP assay was carried out as descibed in [13] . The GSTRab protein was loaded with [α-
32 P]GTP, as described above. Immediately after the addition of MgCl 2 , a 10 µl aliquot was removed as the zero time point. Then the GST-GAP domain was added as a 4 µl aliquot, so that the final concentration was 0.4 µM unless stated otherwise, and incubation was continued at 30
• C, with 10 µl aliquots removed at various times. The samples were immediately placed in 20 µl of 0.2% SDS, 5 mM EDTA, 5 mM GDP and 5 mM GTP at 65
• C, and these were held at 65 • C for 2 min. Samples (5 µl) were spotted on to a polyethyleneimine cellulose plate (Selecto Scientific, catalogue number 10078), and TLC was carried out in 0.75 M potassium phosphate, pH 3.5. The radioactivity in the GTP and GDP spots was measured by phosphor imaging.
RESULTS

Rabs in GLUT4 vesicles by MS
The mammalian family of Rabs has 60 different members [7, 15] . Each of these is believed to participate in a specific trafficking step, for example, from the recycling endosomes to the plasma membrane. However, the site of action has only been clearly established for a small fraction of the 60 Rabs. Since it seems likely that the Rab(s) involved in GLUT4 translocation is located on GLUT4 vesicles, we initially narrowed the number of Rabs to examine by determining the Rab content of GLUT4 vesicles by MS.
GLUT4 vesicles were isolated from the low-density microsome fraction of 3T3-L1 adipocytes by immunoadsorption with an antibody against GLUT4, and negative control immunoadsorption was also carried out with non-specific rabbit immunoglobulin. The vesicle proteins were separated by SDS/PAGE on a short gel, and the proteins in the 21-38 kDa region were identified by microcapillary liquid-chromatography tandem MS. This region encompasses the sizes of almost all the 60 Rabs, which typically have a mass of approx. 25 kDa [15] .
Using this approach, tryptic peptides from the following Rabs were found in GLUT4 vesicles: 1A, 1B, 2A, 3A or 3D, 4B, 5A, 5B, 5C, 6A or 6B, 7, 8A or 8B, 10, 11B, 14, 18 and 35 (results not shown). Some of the Rabs are listed as two possibilities, such as Rabs 3A or 3B, because the peptides found were ones common to both members of the Rab subfamily. In addition, it should be noted that in some cases both peptides common to a Rab subfamily (for example, Rabs 2A and 2B) and ones specific to a member of the subfamily (for example, Rab2A) were found. We have listed only the specific member, although it is possible that some common peptides come from another member of the subfamily. In previous studies GLUT4 vesicles have been found to contain Rab4 and Rab11 by immunoblotting [16, 17] . Surprisingly, the negative control for the GLUT4 vesicle preparation also yielded peptides from all the Rabs present in the GLUT4 vesicles, with the exception of Rabs 1A, 1B, 5A and 35. There are probably two reasons for large number of Rabs common to both the GLUT4 vesicles and the negative control. Firstly, a small amount of GLUT4 vesicles may have bound to the non-specific adsorbent. Second, some non-GLUT4 vesicles may have bound to the anti-GLUT4 adsorbent, as well as to the nonspecific adsorbent. The enormous sensitivity of microcapillary liquid-chromatography tandem MS then resulted in detection of these impurities. Unfortunately, MS as used here does not The percentage of total [α-32 P]GTP that was bound to the Rab protein was measured as described in the Experimental section. In the case of Rab5A the GTP binding was done for 1 min, rather than the usual 30 min, because at longer times considerable hydrolysis of the GTP to GDP occurred. In the case of Rab10, the value is that after removal of a portion of the unbound GTP by gel filtration (see the Experimental section). give a measure of amounts, only of identity, and so no reliable comparison can be made between the amounts of a Rab in the GLUT4 vesicle preparation and the negative control. Thus it is likely that this group of Rabs found in the GLUT4 vesicle preparation includes most, if not all, the Rabs in vesicles with GLUT4, as well as some Rabs that are not in such vesicles. Despite this ambiguity, these results served the intended purpose in that they provided the basis for the selection of Rabs to test as substrates for the AS160 GAP domain.
GAP activity of the AS160 GAP domain
We prepared a GST-fusion protein of the AS160 GAP domain and GST-fusion proteins of one or more members of each subfamily of Rab found in the GLUT4 vesicle preparation, as well as of several other Rabs implicated in exocytosis in other systems. The activity of the GAP domain was assayed by measuring its effect on the rate of conversion of the GTP form of each GST-Rab into the GDP form. This assay required that the recombinant GST-Rab be functional in binding GTP. Table 1 lists the Rabs used in this study and summarizes the results from the assay for [α-32 P]GTP loading of each of the Rabs. Each Rab specifically bound GTP, and thus was at least partially active in GTP binding. The percentage of the [α-
32 P]GTP bound ranged from a high value of 70 % to a low one of 25 %.
The rate of conversion of the [α-32 P]GTP form of the Rab into the [α-32 P]GDP form was measured in the presence and absence of the GAP domain through separation of the GTP from GDP by TLC. Figure 1 shows the method for Rab14, one of the Rabs against which the AS160 GAP domain was active. In order to be certain that the GTPase activity was due to the GAP domain, we generated a point mutant of the GST-GAP domain in which Arg 973 , which is predicted to be required for activity [6] , was mutated to lysine. This mutation is the same one that affects AS160 function in vivo (see the Introduction section). As expected, this mutated GAP domain (designated GAP R/K) showed no activity against Rab14 (Figure 1 ). In another type of control we found that neither the GST-GAP domain nor GST-GAP R/K exhibited significant hydrolytic activity against [α-32 P]GTP alone (that is, not bound to a Rab) (results not shown). Since GST-fusion proteins are known to exist as dimers, we also considered whether the activity of the GAP domain against Rab14 could be dependent upon formation of a heterodimer comprising one subunit of GST-GAP and one subunit of GST-Rab14. In order to test this possibility, we carried out the assay in the presence of GST, rather than BSA, as the carrier protein, at a concentration such that the GST was in 10-fold molar excess over the combined GST-GAP and GST-Rab14. If heterodimerization were required for GAP activity, the GST would be expected to inhibit the activity markedly, since it should be preferred as the partner in the heterodimers due to its higher concentration. However, the presence of excess GST did not inhibit the GAP activity (results not shown). In addition, we directly compared the activity of the recombinant GST-GAP domain with that of recombinant GAP domain without GST against Rab14, and found no difference (results not shown). The recombinant GAP domain without GST was prepared from recombinant GST-GAP domain bound to immobilized glutathione by thrombin cleavage at the thrombin site in the linker between the GST and GAP domain. Figure 2 summarizes the results from assays of the GAP domain against the Rabs in Table 1 . The GAP domain markedly stimulated the hydrolysis of [α-32 P]GTP bound to Rabs 2A, 8A, 10 and 14. In each of these cases the GAP R/K construct exhibited no significant activity. It is worth noting that the intrinsic GTPase activity of the Rabs varied considerably. For example, after correction for the fraction of GTP bound to the Rab (Table 1) , Rab7 showed only 4 % of hydrolysis of its bound GTP in 15 min at 30
• C, whereas Rab3A showed 60 % hydrolysis of its bound GTP in 15 min.
At the concentration of the GST-GAP domain used in Figure 2 , the activities toward Rabs 2A, 8A, 10 and 14 were such that the percentages of the [α-
32 P]GTP hydrolysed in the initial 15 min period of the assay were approximately the same as the percentages that were bound to the Rab (Table 1) . Thus, since most of the Rab-bound GTP was hydrolysed, the assay under these conditions did not yield an accurate measure of the GAP activity toward each Rab. In order to measure the activity more accurately, we performed the assay with lower concentrations of the GST-GAP domain with Rabs 2A, 8A, 10, and 14 ( Figure 3) . At the lower concentrations of the GST-GAP domain, the rate of GTP hydrolysis for each Rab became more linear with time and approximately proportional to the concentration of the GAP domain.
In an effort to assess the GAP activity of full-length AS160, we generated recombinant full-length FLAG-tagged AS160 and the corresponding inactive R973K mutant in HEK-293F cells, and isolated these proteins from non-ionic detergent lysates on anti-FLAG beads. These proteins were then used in the GAP assay at the same molar concentration at which the GST-GAP domain had been used, with Rabs 2A, 8A, 10 and 14 as substrates. Unfortunately, full-length AS160 exhibited no significant activity above that of the R973K mutant (results not shown). As it was not possible to release the FLAG-tagged AS160 from the anti-FLAG beads in native form, the GAP assay was performed with the full-length proteins attached to the beads with frequent mixing. This difference from the normal assay did not account for the absence of GAP activity, since in a control assay the same molar amount of the GST-GAP domain attached to glutathione beads showed the expected activity against Rab14. The reason for the lack of activity of the recombinant full-length AS160 remains unknown; possibly this large protein (1299 amino acids) denatured during isolation procedures.
Rabs 2, 8 and 14 in GLUT4 vesicles
The finding of activity against Rabs 2A, 8A, 10 and 14 made it of interest to determine whether these Rabs were actually present in vesicles containing GLUT4. GLUT4 vesicles and control immunoadsorbates were prepared from the low-density microsomal fraction of unstimulated and insulin-stimulated 3T3-L1 adipocytes. These were immunoblotted with antibodies against Rabs 2, 8 and 14, as well as with an antibody against IRAP. IRAP is a membrane aminopeptidase that co-localizes with GLUT4 and translocates to the plasma membrane in response to insulin in the same way as GLUT4 [18] . It is more convenient for immunoblotting in an experiment of this type than is GLUT4 itself, which is of the same size as the antibody heavy chain. Unfortunately, no antibody against Rab10 was available. Figure 4 shows the results of this experiment. The IRAP blot shows that GLUT4 vesicles were adsorbed by the anti-GLUT4 adsorbent, and at the load used here not detectably by the control adsorbent (but see below). In addition, as has been shown previously [18] , the amount of IRAP in the vesicles isolated from insulin-treated cells was approx. 50 % of that in the vesicles from unstimulated cells. This decrease is due to the translocation of IRAP to the plasma membrane. Rab2 was present in the GLUT4 vesicles, but not the control. Rab8 was enriched in the GLUT4 vesicles relative to the control, which also had Rab8
Figure 2 Activity of AS160 GAP domain against the 18 Rab proteins
The GAP assay was carried out as described in the Experimental section and shown in Figure 1 . The data show the increase in the percentage of the total radioactivity in GDP between 0 and 15 min for the Rab alone and the Rab plus the AS160 GAP domain. In addition, for any Rab that appeared to be a GAP substrate, as well as most of the others, the assay was also performed with the GAP R/K mutant. In the case of Rab5A, the data are for 3 min, rather than 15 min, due to the high intrinsic GTPase activity of this Rab.
Figure 3 Dependence of the GAP activity upon the concentration of the AS160 GST-GAP domain
The GAP assay was carried out with Rabs 2A, 8A, 10 and 14, as described in the Experimental section and shown in Figure 1 . The concentration of the GST-GAP domain in the assay was: none (), 0.04 µM (᭜), 0.13 µM (᭹) and 0.4 µM ( ).
present. Rab14 was present in the GLUT4 vesicles, and the control also showed a faint Rab14 signal. Unlike IRAP, the amounts of Rabs 2 and 8 in the GLUT4 vesicles did not decrease in response to insulin. This finding suggests that Rabs 2 and 8 occur in subfractions of GLUT4 vesicles that are not mobilized by insulin. In the case of Rab2 these vesicles may be ones containing GLUT4 in the biosynthetic pathway, since Rab2 is known to participate in trafficking between the endoplasmic reticulum and the Golgi [19] . The effect of insulin on the relative amount of Rab14 in the GLUT4 vesicles was variable. In the experiment shown in Figure 4 , the amount of Rab14 in the GLUT4 vesicles from insulin-treated cells was 50 % of that in the vesicles from untreated cells, but in two other replicate experiments the amounts of Rab14 in the GLUT4 vesicles from insulin-treated cells were 75 and 100 % of that of the Rab14 in the vesicles from untreated cells (results not shown). The reason for this variability is not known, and no conclusion can be drawn concerning whether Rab14 is in GLUT4 vesicles mobilized by insulin.
The presence of smaller amounts of Rabs 8 and 14 in the control immunoadsorbates of vesicles is probably the result of non-specific binding of GLUT4 and possibly other vesicles. When larger amounts of the control vesicles than those used in Figure 4 were immunoblotted for IRAP, a weak IRAP signal was detected (results not shown). This result indicates that small amounts of the GLUT4 vesicles bound to the adsorbent with control antibody. These findings are consistent with the detection of many Rabs in the control vesicle immunoadsorbate by MS, as described above.
AS160 was also found in the GLUT4 vesicles by immunoblotting (Figure 4) . We previously reported that AS160 was not detectable in the vesicles by this method [6] , but recently with a more sensitive blotting procedure we have detected it. Although there is some AS160 in the GLUT4 vesicles, we have found by immunofluorescence that most of the AS160 in 3T3-L1 adipocytes is not colocalized with GLUT4 (S. Kane and G. E. Lienhard, unpublished work).
DISCUSSION
The results of the present study show that the GAP domain of AS160 is functional as a Rab GAP. The GAP domain of AS160 was assayed against a group of 18 Rabs. To our knowledge, this survey is the largest one with any Rab GAP that has been reported. The GAP domain showed activity against Rabs 2A, 8A, 10 and 14. It is notable that in a neighbour-joining tree, defining the relationships of the 60 mammalian Rabs, Rabs 2A and 14 are closely related, as are Rabs 8A and 10 [15] . On the other hand, these two pairs are not closely related. Moreover, Rabs 4A and 4B, which are not substrates, are also closely related to Rabs 2A and 14. Activity of the AS160 GAP domain with diverse Rabs is not unprecedented. Several yeast Rab GAPs each show activity against several Rabs in vitro [20] . One such yeast Rab GAP, Gyp1p, has been demonstrated to have greater specificity in vivo due to its localization in the vicinity of its substrate, Ypt1p [20] . The same situation is likely to be the case for AS160.
The magnitude of the activity of the AS160 GAP domain is slightly lower than that reported for other Rab GAPs, but is in the same range. For example, with GST-Rab14 as the substrate, the rate of hydrolysis of the bound [α-
32 P]GTP in the assay was approx. 3 % per min with 130 nM GST-GAP domain (Figure 3) . On the assumption that the low concentration of the GTP complex of GST-Rab14 (approx. 50 nM) was not saturating, this value corresponds to a k cat /K m value of 0.2 min −1 · µM −1 . Only three other mammalian Rab GAPs of the catalytic-arginine-type have been characterized. These are RNTre [21] and PR17 [22] , two Rab5 GAPs, and GAPCenA [23] , a Rab6 GAP. From the data in the literature with recombinant forms of these GAPs and their Rab substrates, the k cat /K m values are approx. 2.5, 1.2 and 0.4 min −1 · µM −1 for RNTre, PR17 and GAPCenA respectively. A group of yeast Rab GAPs have been characterized [24] . The k cat /K m values for five of these range from 1.1 to 42 min −1 · µM −1 . Thus the activity of the AS160 GAP domain is between 0.5 and 50 % of the values for these other Rab GAPs. Its slightly low activity may be due to a failure of a portion of the GST-GAP domain to fold correctly or to the use of GST forms of the Rabs in the assay.
The results from immunoblotting show that the GLUT4 vesicles contain Rabs 2A, 8A or 8B, and 14. In addition, the vesicles may contain Rab10. Since these Rabs are substrates for the AS160 GAP domain, one or more may be the Rab(s) on which AS160 acts in vivo to control GLUT4 translocation. On the basis of information in the literature, the more likely candidates are Rabs 8, 10 and 14. Rab2 is a less likely candidate, since there is strong evidence that it functions in trafficking between the endoplasmic reticulum and the Golgi [19] . Rab8 has been implicated in trafficking from the trans-Golgi network and recycling endosomes to the plasma membrane [25] . Moreover, Rab8 regulates actin organization [26] and also the movement of at least one type of vesicle (melanosomes) on actin filaments [27] . These properties of Rab8 are consistent with a role in GLUT4 translocation, since the GLUT4 vesicles move from the transGolgi network/recycling endosome region to the plasma membrane [1, 28] , and GLUT4 translocation requires actin remodelling [1] . In addition, it is worth noting that Rab8 is the mammalian Rab that is most similar to Sec4p, the yeast Rab that interacts with the yeast exocyst. The exocyst is a plasma membrane complex to which vesicles dock prior to fusion (reviewed in [29] ). The mammalian Rab that interacts with the mammalian exocyst is not known, but the sequence similarity between Rab8 and Sec4p suggests that it could be Rab8. Two recent studies present evidence that the mammalian exocyst plays a role in the docking of GLUT4 vesicles to the plasma membrane [30, 31] .
Much less is known about the functions of Rab10 and Rab14 than Rab8. Rab10 has been localized to the perinuclear region of cells, a region where GLUT4 vesicles also reside [1, 32] . Rab14 has been localized to both the Golgi and the endosomes [33] , and has been postulated to be involved in trafficking between these two organelles. In this regard GLUT4 has been found to cycle through a subdomain of the trans-Golgi network, and this trafficking pathway has been hypothesized to participate in insulin-regulated GLUT4 translocation [28] .
In conclusion, the present study supports the hypothesis that AS160 is a functional Rab GAP, and has yielded several Rabs that are candidates to be the Rab(s) that regulates GLUT4 translocation. In the future it will be important to determine which, if any, of these in vitro Rab substrates is a substrate for AS160 in vivo, and then to define the role in GLUT4 translocation of the Rab(s) that is the in vivo substrate.
